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A quantum cascade laser ͑QCL͒ operating in the terahertz ͑THz͒ range of the electromagnetic spectrum was recently demonstrated by Köhler et al. 1 Continuous wave operation was reported as well, 2 but the further improvement of the THz QCLs is a challenge for several reasons related to the intersubband population dynamics and to the waveguide properties. Electron-electron and interface roughness scattering represent the main scattering mechanisms at low temperatures in this range of intersubband energies. They lead to fast carrier relaxation and they counteract population inversion.
Blank and Feng 3 proposed to increase the intersubband lifetime by applying a magnetic field normal to the epitaxial layers. The additional quantization ͑induced by the magnetic field͒ of the in-plane electronic motion dramatically modifies the electron-electron scattering in the Landau-quantized energy spectrum. As a matter of fact, the recently observed enhancement of the luminescence intensity of GaAs/AlGaAs 4 and InGaAs/InAlAs 5 THz quantum cascade structures originates from this modification. Landau quantization was also exploited to control electron-LO phonon scattering in midinfrared lasers. 6 In this work, we studied the behavior of a 4.5 THz QCL in an external magnetic field. The structure consists of 100 periods of a layer system of GaAs wells and Al 0.15 Ga 0.85 As barriers ͑as proposed in Ref. 1͒ sandwiched between two n ϩ-doped contact layers, and it was grown on a semi insulating GaAs substrate using molecular beam epitaxy. The bottom layer is 500 nm thick and it is doped to nϭ4 ϫ10 18 cm Ϫ3 , while the top layer is 100 nm thick and doped to nϭ7ϫ10 18 cm Ϫ3 . The laser devices were processed into ridges by reactive ion etching through the active zone down to the bottom contact layer. Metallic contacts ͑Ge/Au/Ni/Au, 15/30/14/200 nm͒ were evaporated onto the bottom contact layer, and as two 10 m wide contact stripes on top of the ridge. The sample was then annealed for 1 min at a temperature of 430°C, and a surface-plasmon carrying Ti/Au layer ͑10/400 nm͒ was sputtered on top of the ridge to complete the top contact and to provide waveguiding.
The magnetic field measurements were performed with the device mounted in a cryostat equipped with two superconducting magnets. Several different detectors can be used in conjunction with this system, namely a magnetic field tunable InSb cyclotron resonance detector, a broadband Ga doped Ge detector, or a Si bolometer. The last detector was used with an external Fourier-transform infrared spectrometer ͑FTIR͒: it has therefore been possible to record highresolution spectra of the THz QCL under the application of the magnetic field.
The response of the InSb detector to our THz-QCL emission is shown in Fig. 1͑a͒ ͑inset͒ and it displays two peaks: one originates from impurity bound and the other one from free carrier transitions in the detector. The spectral response of the detector was tuned by scanning the detector magnetic field. 4 Each of the two peaks has a full width at half maximum of approximately 0.6 meV. Although individual laser lines cannot be resolved with the InSb detector, the average frequency shift of the entire laser spectra can be detected.
A 100 m wide device was selected for the magnetic field measurements because it exhibited lasing for a very broad current range. A broadband Ge detector was used to measure the light versus current characteristic of the device for several values of the magnetic field applied to the sample ͓see tially for certain values of the magnetic field when compared to Bϭ0 T. Furthermore, we observe oscillations of the intensity as a function of the current, and with increasing magnetic fields we observe oscillations with a larger period. Let us first discuss the dependence of the laser output power as a function of the magnetic field. The application of a magnetic field leads to an increase of the laser intensity of a factor of four at Bϭ4.2 T ͓see Fig. 1͑a͔͒ , an effect that is induced by the discretization of the energy spectrum. In the absence of a magnetic field, the energy conservation condition for intersubband Auger scattering processes is satisfied by a continuum of energy changes ⌬E. However, under the application of a magnetic field the only allowed energy changes ⌬E are multiples of the cyclotron resonance energy ប c . Since the Auger scattering rate is inversely proportional to the exchanged energy and momentum, the Landaulevel splitting induced by the magnetic field reduces the nonradiative relaxation rate, thereby increasing the laser efficiency.
We will now discuss in detail how the magnetic field affects the laser emission. The laser output power is proportional to the population inversion which, in turn, is directly proportional to the injection rate and inversely proportional to the nonradiative relaxation rate. If we assume that the injection rate is not influenced by the magnetic field, we can expect an oscillatory increase of the laser emission. The minima of the laser output power should correspond to magnetic field values that meet the following resonance condition:
Here E 2 ϪE 1 is the energy difference between the lowest Landau levels of the upper and lower laser transition, ប is the Planck constant, e is the elementary charge, B N is magnetic flux density, m* is effective mass, and N is an integer. The resonant tunneling between Landau levels opens up an additional nonradiative relaxation channel via the Landau ladder ͉͑1,N͘, ͉1,N-1͘, ...͉1,0͒͘. The consequent reduction of population inversion induces a decrease of the laser emission intensity. It should be pointed out that a theoretical model proposed by Raikh and Shahbazyan 7 well describes the momentum transfer caused by interface roughness or impurities, a mechanism which is necessary for resonant transfer between Landau levels of different subbands. Figure 1͑a͒ clearly shows that the laser stops working at these magnetointersubband resonances. We observe the Nϭ4, 3, and 2 resonances at 2.6, 3.5, and 5.4 T. As expected, the laser intensity reaches its maximum between the Nϭ3 and Nϭ2 resonance.
So far we have assumed that the injection rate is not affected by the magnetic field. This assumption is not entirely justified since additional features are observed in the magnetic field dependence of the laser intensity. An efficient injector requires high scattering rates in order to achieve good injection into the upper laser state as well as fast extraction out of the lower laser state. Therefore, it would be advantageous to have magneto-intersubband resonances between all the injector states, between the last injector state and the upper laser state, and between the lower laser state and the first extractor state. The energy separation between the injector states is small (ϳ3.1-3.8 meV) 8 and the condition for complete magnetic quantization បeB m* Ͼ⌬E injector is reached at relatively low magnetic fields. The optimum performance of the laser should be achieved for (បeB/m*) M ϭ⌬E injector and simultaneously (បeB/m*) N ⌬E laser , where N and M are integers ͓Fig. 1͑b͔͒. The interplay between increased injector efficiency and reduced nonradiative relaxation rates determines the detailed dependence of the laser intensity on the magnetic field. Due to the complex structure of the injector a quantitative model is difficult to obtain. However, it is obvious that at 4.2 T optimum performance is achieved. This corresponds to Nϭ2.5. If we assume M ϭ1 ͑i.e., the first magneto-intersubband resonance for the injector͒ we obtain an injector spacing of 7.4 meV. This is about two times larger than the spacing between ad-FIG. 1. ͑a͒ Laser emission intensity as a function of the injected current at different magnetic fields applied to the sample. The pulse width was 150 ns at 90 kHz repetition rate. ͓͑a͒ inset͔ Response of the InSb detector vs applied detector magnetic field when illuminated by the THz QCL. The solid calibration line corresponds to the free electron cyclotron resonance, the dashed line to the impurity bound resonance. ͑b͒ Energy levels in the injector and in the active region without and with strong applied magnetic field. The parabolic in-plane dispersion of the subbands allows electron-electron scattering and nonradiative recombination both in the injector and in the active region. A magnetic field breaks the subbands into ladders of Landau levels. For certain values of the magnetic field it is possible to achieve favorable conditions for fast energy relaxation in the injector ͑indicated by straight arrows͒, and to suppress nonradiative relaxation in the active region ͑crossed arrow͒.
jacent injector states without a magnetic field. However, the oscillations of the emission intensity with injector current ͓dashed line in Fig. 1͑a͔͒ suggest that in the injector there is an energy spacing comparable to the cyclotron resonance energy. These intensity oscillations occur only for magnetic fields higher than 3 T, where the cyclotron resonance energy exceeds the design injector energy spacing. At 4.2 T we observe two oscillations when the current is increased from 0.9 to 1.5 A, while the emission wavelength tunes less than 0.5 meV only.
In addition to the increased intensity we observe a shift of the laser wavelength in the magnetic field. A clear blue shift of 0.15 meV is observed for magnetic fields between 0 and 3.2 T ͓Fig. 2͑a͔͒, while for higher magnetic fields we observe a redshift of the emission. To rule out simple bandstructure effects due to changes of the electric field in the active region, we have performed additional measurements at constant bias and current ͑see Fig. 3͒ . This has been possible due to the very wide operating range of the laser. An additional higher energy emission line was consistently observed at 3.2 and 4.2 T at constant voltage conditions ͓Fig. 3͑a͔͒. Constant current and constant voltage spectra at 4.2 T display the strongest emission line at 18.6 meV. This same emission line is instead absent at 6.2 T ͓Fig. 3͑b͔͒, and the redshift exceeds the mode spacing of the resonator by approximately five times. We can therefore safely exclude band structure effects as a possible cause for the shift.
Changes in the level population remain as a possible cause for the frequency shift of the emission spectra. A combination of Bloch gain, conventional intersubband gain, and many body effects like the depolarization effect can cause these emission line shifts.
In a recent work, Willenberg et al. 9 showed that the gain in QCLs can indeed be modeled as a superposition of intersubband gain ͑that needs population inversion͒, and of Bloch gain ͑which instead does not require inversion͒. 9 The latter exhibits an asymmetric profile with gain below the intersubband resonance and absorption above it. The depolarization effect vanishes for equal populations of the laser levels, while a redshift of the transition energy should instead be observed when the population inversion increases. 10 In addition, a larger population inversion should lead to an increase of the emission intensity. We observed a very clear intensity maximum at 4.2 T together with an emission wavelength redshift. An even larger redshift was observed at 6.2 T, but the maximum emission intensity was reduced. The emission intensity decrease can be explained by a reduction of the confinement factor at high magnetic fields, due to a substantial change of the refractive index of the bottom n ϩ layer. Our numerical simulation of the waveguide properties in a magnetic field confirms the possibility of such reduction. However, more detailed theoretical and experimental studies are needed to quantitatively calculate the contribution of the Bloch gain and of the many body effects to the spectral properties of THz QCLs. Since the population inversion in these devices is still severely limited at higher temperatures, a more detailed understanding of the collective nature of the intersubband or Bloch gain is needed. This has to be done not only theoretically, but also by studying the line shifts as a function of carrier ͑doping͒ concentration. FIG. 2. ͑a͒ Frequency of the emission line vs magnetic field applied to the sample, measured by the InSb detector ͑dots͒, and high-resolution spectra measured by the external FTIR for several different magnetic fields ͑lines͒. The pulser settings were held constant in both measurements to allow a direct comparison. However, currents or voltages were not exactly constant due to the impedance change of the THz QCL. ͑b͒ High-resolution spectra for different injected currents at a fixed magnetic field of 4.2 T. Multimode emission with a spacing of about 0.05 meV and a Stark shift are observed.
FIG. 3. ͑a͒ Constant bias voltage measurement:
The measured voltage was set to 9.5 V for all measurements at a pulse length of 200 ns and at a repetition rate of 94 kHz. An additional emission line appears consistently above 18.7 meV at 3.2 and 4.2 T ͑indicated by an arrow͒. The 18.65 meV emission line is not recorded due to a water absorption line. ͑b͒ Long pulse ͑400 ns͒ measurements at 6.2 T ͑1 A and 8.46 V, as measured on the sample͒, and for 4.2 T at constant voltage and current. A voltage change of 0.7 V had a much smaller effect than the magnetic field change. A background spectrum with water vapor absorption lines is also presented ͑BGR͒.
